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Summary: The main characteristics concerning the distribution of two of the most important decapod crustaceans of com-
mercial interest in the Mediterranean Sea, the deep-water rose shrimp, Parapenaeus longirostris, and the Norway lobster, 
Nephrops norvegicus, are studied in the European Mediterranean waters. The study is based on data collected under the 
MEDITS trawl surveys from 1994 to 2015 from the Gibraltar Straits to the northeastern Levantine Basin (Cyprus waters). 
The observed differences can be interpreted as different responses to environmental drivers related to the differing life his-
tory traits of the two species. In fact, N. norvegicus is a long-living, benthic burrowing species with low growth and mortality 
rates, while P. longirostris is an epibenthic, short-living species characterized by higher rates of growth and mortality.
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INTRODUCTION
The deep-water rose shrimp, Parapenaeus longi-
rostris, and the Norway lobster, Nephrops norvegicus, 
are two of the most important target species of demer-
sal fisheries on the Mediterranean continental shelf 
and upper slope. Their biology and population dynam-
ics have been thoroughly studied (García-Rodríguez 
et al. 2009, Johnson and Johnson 2013, Kapiris et al. 
2013) and the exploitation status of their stocks has 
been assessed in several areas of the Mediterranean 
Sea (GFCM 2017, STECF 2017). Because the life 
histories of the two species show different character-
istics, especially concerning their lifespan and growth 
rate, the study of the spatiotemporal evolution of their 
abundance is of valuable interest for understanding the 
dynamics of deep-water ecosystems (Company et al. 
2008, Ligas et al. 2011). 
The deep-water rose shrimp is a fast-growing, 
short-living species with a thermophilic preference 
(Sobrino et al. 2005, Colloca et al. 2014) that inhabits 
the water column layers close to the seabed of muddy 
bottoms of the shelf break and upper slope, in a depth 
range of between 20 and 700 m. Its distribution area 
encompasses the Mediterranean Sea and the eastern 
North Atlantic Ocean (Ribeiro-Cascalho and Arrobas 
1987, Ardizzone et al. 1990, Levi et al. 1995). It has a 
size-related bathymetric distribution linked to the on-
togenetic migration of juveniles from the continental 
shelf to the slope (Ardizzone et al. 1990, Lembo et al. 
2000, Politou et al. 2008). Mature females are present 
throughout the year (Levi et al. 1995), so the species 
shows a continuous recruitment pattern (Sobrino et 
al. 2005). A large number of fleets target the species, 
particularly in the eastern Mediterranean (Politou et al. 
2008), but it is also exploited in the eastern Atlantic 
(Benchoucha et al. 2008), the Balearic Islands (Gui-
jarro et al. 2009) and the Tyrrhenian Sea (Sbrana et al. 
2006, Milisenda et al. 2017).
Along the NW coasts of the Mediterranean, the spe-
cies forms small and highly fluctuating populations and 
shows the largest abundances in warmer waters, with a 
decreasing south-north abundance gradient (Abelló et 
al. 2002, Sobrino et al. 2005). A positive correlation 
between sea surface temperature (SST) and abundance 
of deep-water rose shrimp was observed in Morocco 
(Benchoucha et al. 2008). In the Ligurian and northern 
Tyrrhenian Seas, Ligas et al. (2010, 2011) and Colloca 
et al. (2014) underpinned the positive effect of SST on 
the temporal trend of stock abundance and commercial 
catches of P. longirostris. The deep-water rose shrimp 
in the Ligurian and northern Tyrrhenian Seas are one 
of the few stocks in the western and central Mediter-
ranean to be exploited sustainably, exhibiting a sharp 
increase in abundance in the last few years (Colloca et 
al. 2014, GFCM 2017, STECF 2017). This increasing 
trend does not appear to be affected by fishing activi-
ties, because the exploitation pattern has remained the 
same over the last decade, as is also demonstrated by 
the lack of recovery of other important stocks (Colloca 
et al. 2014).
The Norway lobster is a long-living decapod, typi-
cally inhabiting temperate and cold waters, dwelling 
in burrows and exerting territorial behaviour (Aguzzi 
et al. 2003). Its bathymetric distribution is very wide, 
ranging from a few metres down to 900 m in depth 
(Johnson and Johnson 2013). In the Mediterranean 
Sea, the highest densities are found between 200 and 
500 m, although high catch rates are also reported be-
tween 500 and 800 m depth (Abelló et al. 2002). In 
areas with a wide continental shelf, such as the Adriatic 
Sea or close to the Ebro Delta, the Norway lobster can 
be found in shallow waters (Abelló et al. 2002, Morello 
et al. 2009), as in the eastern Atlantic and the North 
Sea (Campbell et al. 2009). The Norway lobster is a 
sedentary species inhabiting burrows built in muddy 
bottoms at the shelf break and on the upper slope of 
the northeastern Atlantic and Mediterranean (Aguzzi 
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and Sardà 2008). The species spends most of the time 
in its burrows. Its behaviour when it emerges makes 
it vulnerable to bottom trawling, and is associated 
with light and other environmental and demographic 
factors (food availability, size, mating, etc.) (Morello 
et al. 2007, Aguzzi and Sardà 2008). Gonad matura-
tion usually starts in January-March, and the breeding 
season is between May and September (Orsi Relini 
et al. 1998, Mente et al. 2009). In the Mediterranean 
Sea, The Norway lobster is mostly exploited by bottom 
trawling (Sardà 1998), and only in the Adriatic Sea are 
there some fisheries using pots and creels (Morello et 
al. 2009). The species has relatively low importance 
in terms of landings for the Mediterranean fisheries, 
but has a leading role in view of its economic value 
(Sbrana et al. 2003).
Due to these contrasting characteristics, it was hy-
pothesized that the two species show different behav-
iours in relation to changes in environmental factors. 
The aim of the present paper is to analyse the distribu-
tion pattern of both P. longirostris and N. norvegicus 
in the European Mediterranean waters. All data used in 
the present study were collected from different areas 
of the Mediterranean with identical fishing gear and 
sampling procedures, thus allowing combined analysis 
of data from the different areas.
MATERIALS AND METHODS
The data analysed originate from a total of 23144 
hauls carried out during daylight hours in the second/
third quarter of the year between 10 and 800 m depth 
under the framework of the EU Project MEDITS for 
the period 1994-2015. The surveys took place in the 
European waters of the Mediterranean Sea and cover 
the FAO-GFCM geographic sub-areas (hereafter 
GSAs) reported in Figure 1. The sampling procedures 
were standardized according to a common proto-
col; details on the survey methodology and defined 
geographical sectors are described in the MEDITS 
handbook (http://www.sibm.it/MEDITS%202011/
principaledownload.htm).
The area swept in each haul was calculated from di-
rect measurements of the horizontal opening of the net 
detected by ScanMar (or SIMRAD) equipment. If such 
instruments were not available, the measuring proce-
dures reported in the MEDITS handbook were applied. 
Biomass and density indices of deep-water rose shrimp 
and Norway lobster were calculated from each haul as 
biomass and number of individuals per swept area (kg 
km–2 and N km–2, respectively) (Sparre and Venema 
1998). Stratified mean biomass and density indices by 
species and year were also calculated for each GSA, 
as well as the frequency of occurrence per depth stra-
tum (10-200 m, 200-800 m). The Spearman Rho non-
parametric test was applied to the biomass and density 
indices to evaluate statistical significance in the trends 
of the various GSA data series (Hamed 2016). Mean 
depth (m) and mean geographical position (latitude 
and longitude) were recorded at each station during the 
surveys.
The effects of abiotic variables on the spatiotem-
poral variations in the abundance of deep-water rose 
shrimp and Norway lobster were determined using 
generalized additive models (GAMs) (Hastie and 
Tibshirani 1990). The density index of shrimps was 
modelled on the log scale. By means of an explora-
tory analysis, a change in spatial distribution of the 
two species over the years was observed, suggesting a 
non-separable effect of space and time that was used as 
a basis for the modelling approach. Explanatory vari-
ables in deep-water rose shrimp and Norway lobster 
abundance models were latitude and longitude, SST, 
depth, and time (years). Satellite data at a fine spatial 
scale (0.063×0.063 degrees) for SST (degrees Celsius) 
were collected (MyOcean follow-on project, http://
Fig. 1. – GSAs included in the study.
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marine.copernicus.eu); monthly data were averaged to 
obtain the mean SST for the first quarter of each year 
from 1994 to 2015. Mean depth (m) and geographical 
position (latitude and longitude) were recorded at each 
station during the surveys.
Multicollinearity between the explanatory variables 
was analysed by means of pair-plots, a matrix of scat-
ter plots that shows the bivariate relationships of vari-
ables, and variance inflation factor (VIF) values (Zuur 
et al. 2007). Variables with a high Pearson correlation 
coefficient (r) (>0.8, absolute value) and a high VIF 
value (>3) were considered correlated, and one of the 
pair was removed.
GAM models with Gaussian distribution (and 
identity link) were used to describe the relationship 
between the abundance of deep-water rose shrimp and 
Norway lobster and explanatory variables. 
The initial model included a smooth term account-
ing for spatial (latitude and longitude) and temporal 
(years) interaction. Later, a smooth term for depth and 
for the interaction between depth and time was added. 
The best model was used to introduce a smooth term 
for SST. Finally, the models were compared using the 
Akaike information criterion (AIC) and deviance ex-
plained. The model with the lowest AIC was selected 
as the best model, that is, the most parsimonious model 
with the greatest explanatory power (which best fits the 
data). The significance of each variable in the GAM 
was determined by means of analysis of variance 
(F-test).
Data exploration and analysis were carried out with 
R 3.4.1 (R Core Team 2017), and the associated mgcv 
package (Wood 2006). An assumed significance level 
of 5% was used in all the statistical analyses.
The spatial analysis predictions were performed us-
ing a 0.03° resolution grid, which was created through 
the sampling of the informative layers used in the mod-
el by means of the QGIS software (QGIS Development 
Team 2017). In particular, the bathymetric data were 
derived from the EMODnet Bathymetry portal, while 
the SST data were derived from MyOcean follow-on 
project (http://marine.copernicus.eu). The resulting 
model prediction maps were produced using the R soft-
ware (R Core Team 2017). In order to assess changes 
in the abundance and spatial distribution of the species, 
maps for six MEDITS surveys carried out in the years 
1994, 1998, 2003, 2007, 2011 and 2015 are shown.
RESULTS
The frequency of occurrence per depth stratum of the 
studied species in all the investigated GSAs is shown in 
Table 1. Deep-water rose shrimp was caught in 43.5% of 
the hauls performed in the MEDITS survey from 1994 
to 2015. Its frequency of occurrence was higher on the 
continental slope than on the shelf (61.9% and 31.3%, 
respectively). The highest frequency of occurrence was 
on the continental slope in GSA 23 (Crete, 94.6%). In 
general, the species was more frequent in the eastern and 
central Mediterranean, from GSA 25 to GSA 8, while 
the lowest occurrences were recorded in the western-
most part of the Mediterranean (GSAs 1-7). 
Norway lobster was mostly present on the continen-
tal slope (200-800 m depth). Its frequency of occur-
rence was higher than 10% on the shelf only in GSAs 
7, 17, 18, and 22 (Table 1), with the highest value in 
GSA 17 (25.4%, northern and central Adriatic Sea). 
The highest occurrences were recorded on the conti-
nental slope of the central part of the Mediterranean, 
from GSA 6 to 17, with frequencies higher than 70% 
(97.8% in GSA 8).
During the MEDITS surveys (1994-2015), deep-
water rose shrimp showed the highest biomass and 
density indices in GSA 23 in 2003 (45.128 kg km–2 and 
9866.32 N km–2. Supplementary material, Table S1). 
In the case of the Norway lobster, the highest abun-
dance indices were observed in GSA 8 in 2004 (52.43 
kg km–2 and 1326.26 N km–2, respectively; Supplemen-
tary material, Table S2). Although characterized by 
the presence of large fluctuations, the deep-water rose 
shrimp biomass and density indices showed an increas-
ing trend in most of the investigated areas, as shown 
by the positive values of the Spearman rho coefficient 
(Supplementary material, Table S1). In contrast, the 
Norway lobster biomass and density indices showed 
generally a decreasing pattern (Supplementary mate-
rial, Table S2). 
Data exploration highlighted high collinearity be-
tween the biomass and density indexes for the two spe-
cies (r=0.9; VIF values >3). Therefore, GAM models 
were fitted only on the biomass index as a response 
variable. For the explanatory variables, no high col-
linearity was detected by both pair-plots (Pearson cor-
relation coefficient. Supplementary material, Fig. S1) 
and VIF.                            
Based on the model selection procedure, the best 
GAM model for both species was the one containing as 
explanatory terms the interaction between coordinates 
(longitude and latitude) and time, SST, and the interac-
tion of depth and time (Tables 2 and 3). The summary 
of the outputs of the best GAM models for the two spe-
cies are shown in Tables 4 and 5, respectively.
Table 1. – Percentage of occurrence of deep-water rose shrimp (P. 
longirostris) and Norway lobster (N. norvegicus) in the investigated 
GSAs.
 Deep-water rose shrimp Norway lobster
GSA Shelf Slope Total Shelf Slope Total
1 19.9 37.3 30.0 1.4 48.4 28.7
2 0.0 20.0 17.1 0.0 63.3 54.3
5 1.6 33.6 14.4 0.0 58.4 23.3
6 13.6 35.5 19.9 5.7 78.0 26.4
7 11.0 32.5 14.6 11.1 77.5 22.2
8 0.5 75.3 44.0 1.6 97.8 57.5
9 47.0 65.5 55.8 3.4 87.6 43.6
10 58.9 63.4 61.6 0.7 62.5 37.0
11 7.1 58.3 27.2 0.3 70.8 27.9
15 60.9 88.7 76.3 1.4 78.5 44.1
16 45.5 78.6 63.7 2.9 77.5 44.0
17 29.4 89.8 33.3 25.4 77.8 28.7
18 58.9 69.6 62.2 15.6 62.4 30.0
19 34.0 46.9 42.0 4.7 46.1 30.5
20 49.1 72.5 58.3 4.3 35.6 16.6
22 35.0 72.3 53.5 12.0 46.7 29.2
23 17.8 94.6 42.4 0.0 18.9 6.1
25 24.2 84.9 41.3 0.0 0.0 0.0
All GSAs 31.3 61.9 43.5 9.4 66.4 32.0
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Deep-water rose shrimp showed a widening ba-
thymetric range in time, from 200-400 m in depth at 
the beginning of the time series to 150-600 m depth in 
the last few years. As regards temperature, the high-
est abundance of the species was associated with SSTs 
at around 10°C, while a second peak was observed at 
around 14°C (Fig. 2). The maps in Figure 3 present the 
highest abundances of deep-water rose shrimp in the 
southeastern Mediterranean. 
Norway lobster showed no particular temporal 
trend in bathymetric distribution over the years. 
There was a negative relationship between its bio-
Table 2. – GAMs for deep-water rose shrimp (P. longirostris); j is the year and i is the i-observation in the j-year; β0 is the intercept; s(Lonij, 
Latij, Yearj) is the smoother for the interaction of coordinates (longitude and latitude) and year; s(SSTij) is the smoother for sea surface tem-
perature; s(Depthij) and s(Depthij, Yearj) are the smoothers for depth and the interaction of depth and year; εij ~ N(0,σ2) is the error term; AIC 
is the Akaike information criterion and Dev. expl. (%) is the deviance explained. The best model is given in bold.
Model AIC Dev. expl. (%)
β0 + s(Lonij, Latij, Yearj) + εij 36695.7 25.9
β0 + s(Lonij, Latij, Yearj) + s(SSTij) + εij 35942.2 29.9
β0 + s(Lonij, Latij, Yearj) + s(Depthij) + εij 29791.4 55.3
β0 + s(Lonij, Latij, Yearj) + s(Depthij, Yearj) + εij 29629.1 55.9
β0 + s(Lonij, Latij, Yearj) + s(SSTij) + s(Depthij, Yearj) + εij 29596.8 56.1
Table 3. – GAMs for Norway lobster (N. norvegicus); j is the year and i is the i-observation in the j-year; β0 is the intercept; s(Lonij, Latij, 
Yearj) is the smoother for the interaction of coordinates (longitude and latitude) and year; s(SSTij) is the smoother for sea surface temperature; 
s(Depthij) and s(Depthij, Yearj) are the smoothers for depth and the interaction of depth and year; εij ~ N(0,σ2) is the error term; AIC is the 
Akaike information criterion and Dev. expl. (%) is the deviance explained. The best model is given in bold.
Model AIC Dev. expl. (%)
β0 + s(Lonij, Latij, Yearj) + εij 37895.4 13.8
β0 + s(Lonij, Latij, Yearj) + s(SSTij) + εij 36593.0 21.6
β0 + s(Lonij, Latij, Yearj) + s(Depthij) + εij 25597.0 64.9
β0 + s(Lonij, Latij, Yearj) + s(Depthij, Yearj) + εij 25477.3 65.3
β0 + s(Lonij, Latij, Yearj) + s(SSTij) + s(Depthij, Yearj) + εij 25377.3 65.6
Fig. 2. – Effects of explanatory variables on the biomass of deep-water rose shrimp, as estimated by generalized additive model (GAM). Left 
panel, effect of the interaction between depth and time (years); right panel, effect of SST (dashed lines represent GAM confidence intervals).
Table 4. – Summary of the outputs of the best GAM model for 
deep-water rose shrimp. Explanatory variables included longitude-
latitude-time interaction, depth-time interaction and sea surface 
temperature (SST); SE, standard error; edf, estimated degrees of 
freedom; df, degrees of freedom.
Parametric coefficients: Estimate SE t value Significance level
Intercept 0.73 0.01 136.10 p<0.05
Smooth terms: edf df F
Longitude, latitude, year 103.73 107.65 61.92 p<0.05
Depth, year 26.81 28.67 431.42 p<0.05
SST 4.75 4.97 16.91 p<0.05
Table 5. – Summary of the outputs of the best GAM model for 
Norway lobster. Explanatory variables included longitude-latitude-
time interaction, depth-time interaction, and sea surface temperature 
(SST); SE: standard error; edf: estimated degrees of freedom; df: 
degrees of freedom.
Parametric coefficients: Estimate SE t value Significance level
Intercept 0.55 0.01 119.10 p<0.05
Smooth terms: edf df F
Longitude, latitude, year 99.91 106.79 23.15 p<0.05
Depth, year 27.02 28.73 746.88 p<0.05
SST 4.28 4.79 10.17 p<0.05
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mass and SST. The highest biomass indexes of this 
species were associated with low temperatures, 
while biomass decreased with increasing SST (Fig. 
4). Figure 5 shows the spatiotemporal distribution 
of Norway lobster, indicating a slight decrease in 
biomass indices over time.
Fig. 3. – Maps of deep-water rose shrimp distribution.
Fig. 4. – Effects of explanatory variables on the biomass of Norway lobster, as estimated by generalized additive model (GAM). Left panel, 
effect of the interaction between depth and time (years); right panel, effect of bottom temperature (shaded areas represent GAM confidence 
intervals).
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An inspection of the residuals of the best models for 
deep-water rose shrimp and Norway lobster shows that 
there was no evidence of a pattern within the model 
residuals or deviation from the assumptions of ho-
mogeneity and normality of variance (Supplementary 
material, Figs S2 and S3).
DISCUSSION
Since ecosystems have changed over time due to 
anthropogenic and environmental factors, fisheries 
management should not be based only on recent stud-
ies of populations (Ligas et al. 2013). While long time 
series of data have been collected in the Atlantic Ocean 
and the North Sea, fisheries time series in the Medi-
terranean are available only for the last few decades. 
Current management advice in most cases is based on 
data starting in the early 1990s (Sartor 2011, Colloca et 
al. 2013). The availability of 22 years of standardized 
data obtained from the MEDITS surveys of two of the 
most important decapods of the demersal communities 
in the Mediterranean offers a unique opportunity to 
evaluate trends in abundance at a large scale. Accord-
ing to Cook (1997), data collected by means of trawl 
surveys are a more accurate source of information for 
estimating stock abundance than observations from 
commercial landing data. In addition, the latter could 
be biased by the heterogeneous distribution of fishing 
effort and strategy, the selectivity of the gears, and 
discarding procedures influenced by market demands 
(Fox and Starr 1996, Quirijns et al. 2008). 
A decrease in the fishing fleet size has been ob-
served during the last years in the Mediterranean EU 
waters, mainly due to the EU Common Fishery Policy, 
although this decrease has been partially compensated 
by an increasing catch efficiency and changes in fleet 
characteristics (Rijnsdorp et al. 2006). This reduction 
in fishing effort has not yet produced the desired ef-
fects, as is also demonstrated by the lack of recovery 
of the main exploited stocks in the area (GFCM 2017, 
STECF 2017). In addition, it seems that the abundance 
of some stocks is closely linked to climate change. For 
example, Colloca et al. (2014) reported that the stock 
trend of deep-water rose shrimp in the central Mediter-
ranean Sea did not appear to be driven by fishing effort, 
since the exploitation pattern has remained the same in 
the last two decades.
Since the 1950s, a warming process has occurred 
in the Mediterranean basin, demonstrated by both en-
vironmental (Vargas-Yánez et al. 2009) and biological 
changes (CIESM 2008). Skliris et al. (2012) reported 
that for the period 1985-2008, the SST in the Mediter-
Fig. 5. – Maps of Norway lobster distribution. 
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ranean Sea has increased by about 0.037°C per year, 
causing a northward expansion of native tropical and 
sub-tropical species (Raitsos et al. 2010) and promot-
ing the tropicalization of the Mediterranean (Azzurro 
et al. 2011).
According to the different life cycles and behav-
ioural strategies, the two studied species showed dif-
ferent reactions in relation to changes in environmental 
factors. Long-term changes in abundance of deep-wa-
ter rose shrimp and Norway lobster correlated signifi-
cantly with the latitudinal and longitudinal distribution, 
SST and bathymetric range distribution. 
The core area of deep-water rose shrimp, occurring 
between 200 and 400 m, expanded progressively in a 
wider depth range. This process clearly indicated an 
enhancement of the habitat suitability in the central-
western Mediterranean for the deep-water rose shrimp. 
The main mechanism driving the spatiotemporal dy-
namics of this species is the increase in water tempera-
ture (Ligas et al. 2011, Colloca et al. 2014). Moreover, 
this species has expanded its distribution further north, 
up to the northwestern Mediterranean areas. It is one 
of the few species showing increasing trends in both 
commercial catches and scientific surveys (Colloca 
et al. 2014). In the Catalan Sea, Cartes et al. (2009) 
hypothesized that the increasing temperature pro-
duced low rainfall regimes and river discharges, and 
consequently a reduction in the flux of organic matter. 
These environmental conditions lead to an increased 
production of suprabenthos (e.g. Lophogaster typicus), 
which represents the main prey of the deep-water rose 
shrimp. Therefore, a minor increase in temperature ob-
served in recent years may have favoured the increase 
in abundance of this shrimp throughout the Mediter-
ranean basin. In the northern Tyrrhenian Sea, Bartolino 
et al. (2008) demonstrated that high temperature and 
low wind circulation negatively affect the recruitment 
of European hake (Merluccius merluccius). It is known 
that hake juveniles prey upon juveniles of deep-water 
rose shrimp (Carpentieri et al. 2005), so the lower 
predation pressure could have further enhanced the 
recruitment success of the shrimp. 
In contrast, Norway lobster showed a negative re-
lationship between biomass and SST, with the highest 
indexes associated with low temperatures. The results 
confirmed the preference of this species for cold wa-
ters, with highest abundances in the northern part of 
the western Mediterranean. Unlike the deep-water 
rose shrimp, this species showed no particular trend 
in bathymetric distribution. The decreasing abundance 
related to higher temperatures is again explained by 
Cartes et al. (2009): benthic feeders and predators 
such as the Norway lobster are influenced by the re-
duction of the organic matter flux resulting from the 
decreased rainfall and river discharge. In the Atlantic 
Sea, in areas where minor changes in fishing pressures 
were observed, Fariña and González Herraiz (2003) 
and González Herraiz et al. (2009) recorded a decline 
in Norway lobster abundance associated with higher 
temperatures. 
GAM models adequately described the effects of 
sea temperature on the two decapod species at a large 
geographical scale. In a future scenario of increasing 
temperature, we can expect a further expansion of 
deep-water rose shrimp even in areas where the species 
is not yet abundant, such as the Gulf of Lions and the 
Catalan Sea. For Norway lobster, we could expect an 
opposite effect, which has already been demonstrated 
for some species of cold or temperate waters (e.g. Mer-
langius merlangius and Sprattus sprattus) distributed 
in the northern areas of the Mediterranean Sea, such 
as the Gulf of Lions, the northern Adriatic Sea and the 
northern Aegean Sea) (Daskalov et al. 2008, Fortibuoni 
et al. 2010). However, these general trends may vary at 
smaller scale, since environmental features may influ-
ence species’ regional preferences, leading to changes 
in the general trend. Further analyses are therefore 
indispensable to understand better the relationships 
between variations in the abundance of the species and 
environmental and anthropogenic factors. Additional 
information on sea-floor topography, sediment compo-
sition and hydro-geographical characteristics would be 
a useful tool for describing further temporal changes in 
species abundance.
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Table S1. – Stratified mean biomass and density indices (kg km–2 
and N km–2  ± standard deviation, SD) per year (1994-2015) 
of deep-water rose shrimp (P. longirostris) in the investigated 
GSAs. Information on the results of Spearman Rho coefficient 
analysis is also shown. 
Table S2. – Stratified mean biomass and density indices (kg km–2 
and N km–2  ± standard deviation, SD) per year (1994-2015) 
of Norway lobster (N. norvegicus) in the investigated GSAs. 
Information on the results of Spearman Rho coefficient analysis 
is also shown.
Fig. S1. – Pair-plots for all the explanatory variables in the data set 
used for the analysis. The upper diagonal panel shows the Pear-
son correlation coefficient, and the lower diagonal panel shows 
the scatterplots with a smoother added to visualize the pattern. 
The font size of the correlation coefficient is proportional to its 
estimated value.
Fig. S2. – Graphs of the validation of the best GAM model for deep-
water rose shrimp. From top left, residuals versus depth, residu-
als versus longitude, residuals versus latitude, residuals versus 
SST, and residuals versus time (year) to assess homogeneity; 
bottom right, histogram of residuals to assess normality.
Fig. S3. – Graphs of the validation of the best GAM model for 
Norway lobster. From top left, residuals versus depth, residu-
als versus longitude, residuals versus latitude, residuals versus 
SST, and residuals versus time (year) to assess homogeneity; 
bottom right, histogram of residuals to assess normality.
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Fig. S1. – Pair-plots for all the explanatory variables in the data set used for the analysis. The upper diagonal panel shows the Pearson cor-
relation coefficient, and the lower diagonal panel shows the scatterplots with a smoother added to visualize the pattern. The font size of the 
correlation coefficient is proportional to its estimated value.
Fig. S2. – Graphs of the validation of the best GAM model for deep-water rose shrimp. From top left, residuals versus depth, residuals versus 
longitude, residuals versus latitude, residuals versus SST, and residuals versus time (year) to assess homogeneity; bottom right, histogram of 
residuals to assess normality.
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Fig. S3. – Graphs of the validation of the best GAM model for Norway lobster. From top left, residuals versus depth, residuals versus 
longitude, residuals versus latitude, residuals versus SST, and residuals versus time (year) to assess homogeneity; bottom right, histogram of 
residuals to assess normality.
